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A b s t r a c t  
The purpose o f  t h e  Advanced Development Program 
was t o  i n v e s t i g a t e  p r o p u l s i o n  o p t i o n s  f o r  t h e  Space 
S t a t i o n .  Two o p t i o n s  were i n v e s t i g a t e d  i n  d e t a i l :  
a h i g h - t h r u s t  system c o n s i s t i n g  o f  25 t o  50 l b f  
gaseous oxygenlhydrogen r o c k e t s ,  and a low- th rus t  
system o f  0.1 l b f  m u l t i p r o p e l l a n t  r e s i s t o j e t s .  An 
e f f o r t  i s  a l s o  be inq  conducted t o  de termine the  l i f e  
c a p a b i l i t y  o f  hydraz ine- fue led  t h r u s t e r s .  Dur ing 
t h e  course  o f  t h i s  program, s t u d i e s  c l e a r l y  i d e n t i -  
f i e d  t h e  b e n e f i t s  of u t i l i z i n g  waste water  and o the r  
f l u i d s  as p r o p e l l a n t  sources. The r e s u l t s  o f  the 
H / O  t h r u s t e r  t e s t  programs a r e  presented  and the  
p l a n  t o  de termine t h e  l i f e  o f  hyd raz ine  t h r u s t e r s  
i s  discussed. 
a l o n g - l i f e  r e s i s t o j e t  i s  p resented  and t h e  f i r s t  
des ign  model i s  shown i n  d e t a i l .  
The background r e q u i r e d  t o  e s t a b l i s h  
I n t r o d u c t i o n  
The purpose o f  t h i s  paper i s  t o  p resen t  the 
r e s u l t s  o f  t h e  Advanced Development Program t h a t  
were s p e c i f i c a l l y  concerned w i t h  t h e  p r o p u l s i o n  
systems f o r  t h e  Space S t a t i o n .  
o f  e v a l u a t i o n  a s e l e c t i o n  would be made, d u r i n g  the  
phase B Space S t a t i o n  e f f o r t ,  o f  t h e  p r o p u l s i o n  
system t o  be  employed on t h e  I O C  Space S t a t i o n .  
T h i s  paper w i l l  b r i e f l y  d i scuss  t h e  proqram content 
and t h e  r e s u l t s  t h a t  have been ob ta ined.  
Throuqh a process 
P rev ious  papers have d iscussed t h e  con ten t  o f  
t h e  Advanced Development Program and i t s  purposes 
i n  cons ide rab le  detail. ' , '  
programs i n v e s t i g a t e d  b o t h  a h igh -  and low- th rus t  
p r o p u l s i o n  system f o r  t h e  IOC Space S t a t i o n .  The 
cho ice  o f  two p r o p u l s i o n  systems w i t h  d i f f e r i n g  
t h r u s t  and o p e r a t i o n a l  c a p a b i l i t i e s  p rov ides  the 
Space S t a t i o n  p r o p u l s i o n  o p t i o n s  t h a t  have t h e  
c a p a b i l i t y  f o r  a wide v a r i e t y  o f  p r o p u l s i o n  o r  
t h r u s t i n g  c a p a b i l i t i e s .  The p r o p u l s i o n  systems 
s e l e c t e d  f o r  s tudy  were 25 t o  50 l b f  gaseous 
oxygen-hydrogen f u e l e d  r o c k e t s  and t h e  0.1 l b f  
m u l t i p r o p e l l a n t  r e s i s t o j e t .  The combina t ion  o f  
these two  systems p rov ides  t h e  Space S t a t i o n  w i th  
more p o s s i b l e  ways o f  " f l y i n g "  than  a r e  poss ib le  
w i t h  a s i n g l e  t h r u s t  l e v e l  system. The advantages 
o f  t h e  dual-mode p r o p u l s i o n  system a r e  obvious ones. 
Whi le  s u f f i c i e n t  f o r c e  i s  a v a i l a b l e  f o r  a l l  la rqe  
mot ions  o f  t h e  Space S t a t i o n ,  i n c l u d i n g  cont ingen- 
c i e s  f o r  c o l l i s i o n  avoidance, d e l i c a t e  maneuvers 
a r e  c o n t i n u o u s l y  p o s s i b l e  a t  a t h r u s t  l e v e l  t h a t  
w i l l  n o t  i n t e r f e r e  w i t h  s c i e n t i f i c  research  and 
obse rva t i ons .  
The p lanned t h r u s t e r  
One a d d i t i o n a l  b e n e f i t  o f  t hese  cho ices  f o r  
Space S t a t i o n  p r o p u l s i o n  i s  t h e  synerqism obtained 
b y  t h e  i n t e g r a t i o n  of t h e  p r o p u l s i o n  system w i t h  
o t h e r  s t a t i o n  systems. Sources of p r o p e l l a n t s  are 
a v a i l a b l e  f r o m  t h e  l i f e  suppor t  system and from the  
s c i e n t i f i c  and m a t e r i a l s  l a b o r a t o r i e s .  U t i l i z a t i o n  
o f  t hese  f l u i d s  a l l e v i a t e s  two fundamental prob- 
lems; r e s u p p l y  o f  p r o p e l l a n t s  i s  min imized and the  
q u a n t i t y  o f  waste f l u i d s  t h a t  must be r e t u r n e d  t o  
E a r t h  i s  lessened. The f i r s t  r e s u l t s  i n  a d i r e c t  
c o s t  sav inq  by  reduc inq  t h e  mass t o  he c a r r i e d  i n t o  
o r b i t .  The second he lps  t o  s o l v e  a s e r i o u s  prob lem 
of s t o r i n q  and c a r r y i n q  down wastes and t h u s  
improves t h e  S h u t t l e s '  pay load c a p a b i l i t y  i n  r e t u r n -  
i n g  t o  Ear th .  
T h i s  paper w i l l  p resen t  i n f o r m a t i o n  on t h e  
p o t e n t i a l  o n - s t a t i o n  p r o p e l l a n t  a v a i l a b i l i t y ,  and 
t h e  r e s u l t s  t h a t  have been ob ta ined  w i t h  t h e  b o t h  
h i g h - t h r u s t  and low-propu ls ion  system proqrams. 
P r o p u l s i o n  Requirements 
The Space S t a t i o n  p r o p u l s i o n  system must be 
ab le  t o  p r o v i d e  t h r u s t  f o r  a l t i t u d e  maintenance, 
c o l l i s i o n  avoidance, a t t i t u d e  c o n t r o l ,  and momentum 
management. 
Phase 6, t h e  p r o p u l s i o n  requ i rements  have q r a d u a l l y  
r i s e n .  I n i t i a l  requ i rements  and cho ice  o f  o p e r a t i n q  
mode and a l t i t u d e  have a l l  been re thouqh t  d u r i n q  
t h i s  s tudy  Dhase. I n i t i a l l y ,  an a l t i t u d e  o f  250 nmi 
was assumed f o r  t h e  S t a t i o n  and a l t i t u d e  reboos t  
would be conducted a f t e r  each S h u t t l e  dockinq. 
P r e s e n t l y  t h e  o p e r a t i n q  mode proposed f o r  t h e  Sta- 
t i o n  i s  a t  a lower  a l t i t u d e  and i n  a mode co r res -  
pond inq  t o  an averaqe a c c e l e r a t i o n  o f  0.3 micro-q. 
As t h e  atmospher ic d e n s i t y  v a r i e s  over  an 11 y r  
cyc le ,  t h e  a l t i t u d e  r e q u i r e d  w i l l  a l s o  vary.  
As t h e  s t u d i e s  have cont inued d u r i n q  
Tab le  1 compares t h e  t o t a l - i m p u l s e  requ i rements  
f o r  a q rowing  and e v o l v i n q  Space S t a t i o n  ove r  an 
I l - y r  c y c l e  f o r  t h e  i n i t i a l  250 nmi a l t i t u d e  w i t h  
t h e  p resen t  micro-q requ i rement .  These values have 
been computed b y  assuminq a 1995 I O C  s t a t i o n  o f  
500 000 l b  mass t h a t  qrows t o  1 000 000 l b  i n  10 y r .  
Assumptions as t o  t h e  f r o n t a l  area and b a l l i s t i c  
c o e f f i c i e n t  a re  a l s o  used t o  compute t h e  impu lse  
requ i rements .  The values computed a l s o  assume a 
nominal  atmosphere. Note t h a t  t h e  a l t i t u d e  has been 
lowered by  up t o  70 nmi wh ich  c e r t a i n l y  eases t h e  
problems o f  t h e  S h u t t l e  q e t t i n q  t o  t h e  S t a t i o n .  
Most s i q n i f i c a n t ,  however, i s  t h e  s i x - f o l d  i nc rease  
i n  p r o p u l s i o n  requ i rements .  As miss ions  i n  space 
qo, t h e  Space S t a t i o n  was never cons idered a m i s s i o n  
where s p e c i f i c  impulse o f  t h e  p r o p u l s i o n  system was 
paramount. However, as can be seen by  t h e  i nc reased  
l e v e l s  o f  t o ta l - impu lse ;  p r o p u l s i o n  system s p e c i f i c  
impu lse  i s  becominq more impor tan t  and improved 
l e v e l s  o f  s p e c i f i c  impu lse  w i l l  be souqht. 
Prope l  1 a n t  Source 
To auqment t h e  t h r u s t e r  research  e f f o r t s ,  
seve ra l  s t u d i e s  were conducted t h a t  i n v e s t i q a t e d  
t h e  p r o p e l l a n t  source  and S_e?upply and t h e i r  impact 
on t h r u s t e r  system desiqn. I n i t i a l l y ,  t hose  
s t u d i e s  assumed t h a t  t h e  hydrogen and oxyqen would 
be s u p p l i e d  f rom s u p e r c r i t i c a l  s to raqe  tanks  s i m i -  
l a r  t o  t h e  PRSA ( P r o p e l l a n t  Reactant and Supply 
Assembly) t anks  u t i l i z e d  on t h e  S h u t t l e .  As t h e  
s t u d i e s  proqressed a l t e r n a t i v e  sources o f  p rope l -  
l a n t  appeared more a t t r a c t i v e .  It became apparent  
f rom s t u d i e s  o f  t h e  Env i ronmenta l  Con t ro l  and L i f e  
L i f e  Support  Systems (ECLSS) t h a t  t h e  S t a t i o n  c o u l d  
have a s i q n i f i c a n t  water  d i sposa l  problem. These 
s t u d i e s  c l e a r l y  i d e n t i f i e d  t h e  p o t e n t i a l  o f  e lec -  
t r o l y z i n q  t h i s  wa te r  t o  p r o v i d e  t h e  r e q u i r e d  oxyqen 
and hydrogen and t h e  concomitant sav inqs  p o s s i b l e  
by  m i n i m i z i n g  resupp ly .  A d d i t i o n a l  sources o f  water  
were a l s o  found. S i g n i f i c a n t  q u a n t i t i e s  o f  water  
a re  t o  be tound on board t h e  S h u t t l e  and can be 
t r a n s f e r r e d  t o  t h e  Sta t ion .  Such sources i n c l u d e  
water  from f u e l  c e l l s  and waste water .  The a c t u a l  
a v a i l a b i l i t y  o f  water  i s  s t i l l  s u b j e c t  t o  dec i s ions  
as t o  t h e  cho ice  o f  t h e  environment c o n t r o l  system - 
Bosch o r  Saba t ie r  - and t h e  e x t e n t  o f  water  s to red  
and w i thdrawn f rom t h e  Shu t t l e .  Tab le  2 shows t h e  
y e a r l y  l e v e l s  o f  water  a v a i l a b l e  f o r  each env i ron-  
menta l  system and assumes S h u t t l e  v i s i t s  a t  45 o r  
90-day i n t e r v a l s  and t h a t  S h u t t l e  water  i s  t rans -  
f e r r e d  t o  t h e  s t a t i o n .  The t o t a l  l e v e l s  of wa te r  
a v a i l a b i l i t y  a re  c l o s e  t o  t h a t  r e q u i r e d  and can be 
s u b s t a n t i a l l y  more depending on s o l a r  year,  a l t i t u d e  
and whether r e s i s t o j e t s  a re  a l s o  u t i l i z e d .  As 
i n d i c a t e d  p rev ious l y ,  the p r o p u l s i o n  requ i rements  
f o r  t h e  Space S t a t i o n  have a l r e a d y  inc reased,  and 
may do so again.  Assuminq a s p e c i f i c  impu lse  f o r  
t h e  O / H  t h r u s t e r s  o f  380 sec a t  a m i x t u r e  r a t i o  o f  
8:1, 10 000 l b  o f  water would be r e q u i r e d  t o  meet 
t h e  t o t a l - i m p u l s e  requirement f o r  t h e  yea r  1995. 
As i n d i c a t e d  i n  Tab le  2 s u f f i c i e n t  water  cou ld  be 
a v a i l a b l e  t o  f u l f i l l  t h i s  p r o p u l s i o n  requ i rement .  
Water, however, i s  no t  t h e  o n l y  p o t e n t i a l  pro- 
p e l l a n t  source. 
l a n t  r e s i s t o j e t  adds s i q n i f i c a n t l y  t o  t h e  o v e r a l l  
p r o p u l s i o n  c a p a b i l i t y  o f  t h e  S t a t i o n .  Con t inu inq  
s t u d i e s  i n d i c a t e  t h a t  there  a re  l a r q e  q u a n t i t i e s  o f  
waste qases t h a t  cou ld  be made a v a i l a b l e  f o r  p ro-  
p u l s i o n .  I f  these  gases a r e  n o t  u t i l i z e d  f o r  
p r o p u l s i o n ,  then t h e y  must be s t o r e d  and disposed 
o f  b y  a s u i t a b l e  means. 
excess o r  waste f l u i d s  would be r e t u r n e d  t o  ea r th .  
Tab le  3 l i s t s  t h e  l e v e l s  o f  f l u i d s  a v a i l a b l e  f r o m  
t h e  Bosch and Saba t ie r  environmental  systems. 
Tab le  4 l i s t s  o t h e r  f l u i d s  t h a t  a r e  b e l i e v e d  t o  be 
a v a i l a b l e  f rom t h e  Ma te r ia l s  Technology Labora to ry  
(MTL). Rather than vent o r  r e t u r n  these  gases t o  
E a r t h  we propose t o  use them as p r o p e l l a n t s  f o r  t h e  
r e s i s t o j e t .  The t o t a l  a v a i l a b i l i t y  o f  a l l  f l u i d s  
f rom a l l  sources i s  given i n  Tab le  5, assuminq t h a t  
t h e  Saba t ie r  System i s  chosen f o r  ECLSS. T h i s  l e v e l  
of  p r o p e l l a n t  supp ly  when coup led  w i t h  t h a t  a v a i l a -  
b l e  from t h e  e l e c t r o l y s i s  o f  water  c l e a r l y  qoes a 
l o n g  way toward supp ly ing  t h e  S t a t i o n  p r o p u l s i o n  
requ i rements .  
The s e l e c t i o n  o f  t h e  m u l t i p r o p e l -  
That  c o u l d  mean t h a t  these 
H igh  Thrust  P r o p u l s i o n  
The h i g h  t h r u s t  p ropu ls ion  system was se lec ted  
t o  be  gaseous oxygen-hydroqen f u e l e d  r o c k e t s .  The 
presumed t h r u s t  l e v e l  was chosen t o  l i e  w i t h i n  t h e  
25 t o  50 l b f  ranqe. While no abso lu te  t h r u s t  s i z e  
c o u l d  be predetermined, t h i s  s i z e  seemed t h e  c o r r e c t  
one t o  i d e n t i f y  any technology i ssues .  T h i s  proqram 
s p e c i f i e d  t h a t  t h e  O / F  m i x t u r e  shou ld  be 4 : l  f o r  
t h e s e  r o c k e t s  as t h i s  would p r o v i d e  maximum values 
o f  s p e c i f i c  impulse. La ter ,  t h e  p o t e n t i a l  use o f  
p r o p e l l a n t s  f rom water r e q u i r e d  t h a t  t e s t s  be con- 
duc ted  a t  a m i x t u r e  r a t i o  o f  8:l .  The program qoal  
was p r i m a r i l y  l i f e  o r ien ted .  Performance ( s p e c i f i c  
impu lse)  would be s a c r i f i c e d  t o  ach ieve  l o n g  opera- 
t i o n  l i f e .  Th i s  e f f o r t  t o  i n v e s t i g a t e  l i f e  capa- 
b i l i t y  o f  smal l  rocke ts  i s  j u s t  beq inn ing  and w i l l  
con t i nue  w i t h  more emphasis on 8:l m i x t u r e  r a t i o s .  
f e r e n t  manufac turers  were i nc luded  i n  t h i s  proqram. 
Three smal l  rocke ts ,  p rov ided  by t h r e e  d i f -  
A e r o j e t  Techsystems p rov ided  a 25- lb t h r u s t e r  and 
Bel 1 Aerospace p rov ided  a 50 - lb f  t h r u s t e r ;  bo th  
under c o n t r a c t  t o  NASA Lewis.  
a 25- lbf  t h r u s t e r ,  c o n s t r u c t e d  as p a r t  o f  t h e i r  
I R A D  proqram, t o  Marsha l l  Space F l i q h t  Center where 
8 t h e  performance and l i f e  teLt.5 were Londucted. 
The r e s u l t s  o f  t hese  t e s t  f o r t s  have been exten- 
s i v e l y  r e p o r t e d  elsewhere.'-' Tab le  6 compares 
t h e  b a s i c  des ign  parameters o f  t h e  Aero je t ,  B e l l ,  
and Rocketdyne t h r u s t e r s .  
j e t  t h r u s t e r  mounted on a t h r u s t  stand. F iqu res  2 
and 3 a r e  photoqraphs o f  t h e  B e l l  and Rocketdyne 
t h r u s t e r s  r e s p e c t i v e l y .  These t h r u s t e r s  a l l  oper- 
a t e  a t  modest ly  low chamber p ressure  and have s im i -  
l a r  o v e r a l l  d imensions. They do, however, d i f f e r  
marked ly  i n  t h e  des iqn  approach taken, method o f  
f u e l  i n j e c t i o n ,  nozz le  a rea  r a t i o ,  and e x t e n t  of 
r e q e n e r a t i v e  c o o l i n q  employed. 
Rocketdyne p rov ided  
F i q u r e  1 shows t h e  Aero- 
When t h e  d e c i s i o n  was made t o  t e s t  these 
t h r u s t e r s  a t  a m i x t u r e  r a t i o  o f  8:1, i t  was c l e a r  
t h a t  some t h r u s t e r  des ign  m o d i f i c a t i o n  was i n  o rde r .  
Time d i d  n o t  p e r m i t  a redes iqn  o f  each t h r u s t e r ,  so  
compromises were made. Fo r  example, t h e  A e r o j e t  
t h r u s t e r  w i t h  r e q e n e r a t i v e  c o o l i n q  o f  t h e  100:1 
area  r a t i o  nozz le  shou ld  have been redes iqned t o  a 
sma l le r  area r a t i o .  As t h i s  was n o t  p o s s i b l e ,  t h e  
e f f e c t  was s imu la ted  by  c o o l i n g  t h e  hydroqen t o  a 
l e v e l  such t h a t  f u e l  i n j e c t i o n  tempera ture  would be  
t h a t  va lue  es t ima ted  f o r  l e s s  r e q e n e r a t i v e  c o o l i n q .  
I n  a s i m i l a r  manner t h e  B e l l  t h r u s t e r  m a t e r i a l  was 
chanqed t o  H a s t e l l o y  X f r om 347 s t a i n l e s s  s t e e l  and 
t h e  hydroqen c o o l i n q  f l o w  was h e l d  cons tan t .  T h i s  
r e s u l t e d  i n  a h i q h e r  t h r u s t  and chamber p ressu re  a t  
a m i x t u r e  r a t i o  o f  8: l .  The Rocketdyne t h r u s t e r  
had t h e  r e q e n e r a t i v e  c o o l i n q  f l o w  re rou ted ,  u t i l i z -  
i n q  down-pass c o o l i n q  i n s t e a d  o f  up-pass c o o l i n g .  
A t  no t i m e  were any o p e r a t i o n a l  d i f f i c u l t i e s  encoun- 
t e r e d  and t h e  t e s t  proqram proceeded as planned. 
Tab le  7 l i s t s  t h e  t o t a l  number o f  seconds of t e s t -  
i n g  f o r  each t h r u s t e r  a t  m i x t u r e  r a t i o s  f r o m  2 : l  t o  
8:l .  Note t h a t  l a r q e  t imes  were ob ta ined  a t  mix- 
t u r e  r a t i o s  o f  7 : l  and 8:l. Tab le  7 a l s o  shows t h e  
t o t a l  impu lse  demonstrated b y  each t h r u s t e r  over  
t h e  same ranqe o f  m i x t u r e  r a t i o s .  The l i f e  qoa l  
2x1116 l b f / s e c  was achieved by  t h e  Rocketdyne 
t h r u s t e r .  Time and f u n d i n g  l i m i t e d  t h e  t e s t  p ro-  
qrams w i t h  A e r o j e t  and B e l l  b u t  l a r q e  values of 
t o t a l - i m p u l s e  were ob ta ined  a t  h i q h  m i x t u r e  r a t i o s .  
These r e s u l t s  c l e a r l y  i l l u s t r a t e  t h a t  t h e  pro- 
qram goa l  f o r  l i f e  was Obta inab le .  Indeed, an 
examinat ion  o f  t h e  p h y s i c a l  s t a t e  o f  t h e  t h r u s t e r s  
l eads  one t o  conc lude t h a t  t h e  a c t u a l  o b t a i n a b l e  
l i f e  i s  s u b s t a n t i a l l y  q r e a t e r .  It i s  impor tan t  
t h a t  t h e  l i f e  o f  such t h r u s t e r s  be determined f o r  
two reasons. F i r s t ,  j u s t  t o  know and have a rea -  
sonable e x p e c t a t i o n  o f  what l i f e  m iqh t  be planned 
f o r ,  and secondly,  t o  de termine t h e  f a i l u r e  modes 
t h a t  l e a d  t o  l i f e  l i m i t a t i o n .  F u t u r e  t e s t s  a r e  
planned t o  address these  issues ,  as w e l l  as t o  
s t r i v e  f o r  inc reased l e v e l s  o f  s p e c i f i c  impulse. 
I t  i s  a l s o  impor tan t  t o  recoqn ize  t h a t  t hese  l i f e  
r e s u l t s  were ob ta ined  w i t h  t h r e e  d i f f e r e n t  des iqn  
concepts,  p rov ided  b y  t h r e e  separa te  c o n t r a c t o r s .  
F i g u r e  4 compares t h e  s p e c i f i c  impulse per fo rm-  
ance ob ta ined  w i t h  t h e  A e r o j e t  and B e l l  t h r u s t e r s  
over  t h e  m i x t u r e  r a t i o  range f rom 2 : l  t o  8: l .  
t h r u s t e r s  s u f f e r e d  s i q n i f i c a n t  decreases i n  s p e c i f i c  
impu lse  as m i x t u r e  r a t i o  inc reased.  The d a t a  
ob ta ined  w i t h  t h e  B e l l  t h r u s t e r  were taken  w i t h  a 
f i x e d  c o n f i q u r a t i o n  and a f i x e d  hydrogen f l ow  r a t e  
Both 
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i n  o rde r  t o  assure adequate c o o l i n g  o f  t h e  th roa t .  
Thus chamber p ressu re  and t h r u s t  l e v e l  were increas- 
i n g  as m i x t u r e  r a t i o  inc reased f r o m  4 : l .  
A e r o j e t  d a t a  were ob ta ined  w i t h  v a r y i n g  s p l i t s  o f  
hydrogen used f o r  f i l m  coo l i ng ;  up t o  92 percent  
b e i n g  used f o r  f i l m  c o o l i n g  a t  a m i x t u r e  r a t i o  o f  
8:l .  These losses  i n  performance f o r  b o t h  designs 
were g r e a t e r  t h a n  a n t i c i p a t e d  and r e f l e c t  nonopt i -  
mized designs. 
ob ta ined  b y  r e d e s i g n i n g  these  t h r u s t e r s  and recoq- 
n i z i n g  t h a t  o p e r a t i o n  w i l l  be r e q u i r e d  over a wide 
range o f  m i x t u r e  r a t i o s ,  b u t  w i t h  p r i m a r y  opera t ion  
near  a m i x t u r e  r a t i o  o f  8:l .  
des ign  chanqes on t o t a l  l i f e  o f  t h e  t h r u s t e r s  w i l l  
have t o  be  determined. 
Hydraz ine  T h r u s t e r  L i f e  Tes t  
The 
Performance improvements can be 
The impact o f  such 
The requ i rement  t h a t  any p r o p u l s i o n  system f o r  
t h e  Space S t a t i o n  e x h i b i t  l o n g  l i f e  has l e d  t o  an 
i n v e s t i g a t i o n  o f  t h e  l i f e  c a p a b i l i t y  o f  hydrazine- 
f u e l e d  t h r u s t e r s .  Genera l l y ,  t h e  a c t u a l  opera t ing  
l i f e t i m e  o f  such t h r u s t e r s  i s  p o o r l y  known. The 
l i f e  requ i rement  o f  t h e  Space S t a t i o n  makes t h e  
d e t e r m i n a t i o n  o f  component l i f e  and t h e  eva lua t i on  
o f  l i f e  improvement concepts o f  c r i t i c a l  importance. 
A t  t h e  Lewis Research Center we have undertaken an 
e f f o r t  t o  de termine t h e  a c t u a l  useable l i f e  of a 
smal l ,  5 - l b f ,  hyd raz ine  t h r u s t e r .  The t h r u s t e r  i s  
p rov ided  t o  t h e  program by  Rocket Research under 
t h e  aeg is  o f  a coopera t i ve  agreement w i t h  NASA. 
The t h r u s t e r  w i l l  be ins t rumented and i n s t a l l e d  on 
a t h r u s t  s tand i n  t h e  Rocket Engine Tes t  f a c i l i t y  
(R.E.T.F.). 
t h r u s t e r  p rov ided  f o r  t e s t  b y  Rocket Research. 
T h i s  t h r u s t e r  i nco rpo ra tes  t h e i r  l a t e s t  technology 
t o  o b t a i n  l o n g  l i f e  f rom t h e  c a t a l y s t  bed. A 
s p r i n g  mechanism sur round ing  t h e  c a t a l y s t  bed w i l l  
c o n t i n u a l l y  app ly  compression t o  t h e  c a t a l y s t  bed 
t o  p reven t  t h e  fo rma t ion  o f  and/or  c o l l a p s e  any 
v o i d  channels.  I t  i s  t h e  presence o f  l a r g e  voids 
o r  channels w i t h i n  t h e  c a t a l y s t  bed t h a t  cause 
rough o p e r a t i o n  (chamber p ressu re  f l u c t u a t i o n s )  
l e a d i n g  t o  reduced c p e r a t i o n a l  l i f e .  
F i g u r e  5 i s  a photograph o f  t h e  
The Rocket Research t h r u s t e r  w i l l  be  t e s t e d  
ove r  an o p e r a t i o n a l  c y c l e  o f  s teady-s ta te  and pulse 
f i r i n g  t h a t  s imu la tes  t h e  Space S t a t i o n  d u t y  cycle.  
The program w i l l  a t tempt  t o  o b t a i n  2 m i l l i o n  l b / sec  
o f  t o t a l  impu lse  f rom t h e  p resen t  t h r u s t e r  and per- 
formance and chamber p ressure  w i l l  be c o n t i n u a l l y  
mon i to red .  F i g u r e  6 shows a smal l  t h r u s t e r  mounted 
on t h e  t e s t  s tand i n  RETF. The t h r u s t e r  w i l l  
exhaust i n t o  t h e  d i f f u s e r  shown a t  t h e  l e f t  t o  
a s s i s t  i n  m a i n t a i n i n g  a low p ressu re  w i t h i n  t h e  
t e s t  capsule.  
b y  t h e  use  o f  a i r  e j e c t o r s  which a r e  capab le  of 
p r o v i d i n g  con t inous  low pressure  f o r  t hese  tes ts .  
F u t u r e  t e s t s  a r e  planned where t h e  l i f e  c a p a b i l i t y  
o f  t h e  A e r o j e t  and B e l l  H / O  t h r u s t e r s  w i l l  be  
determined. 
A low pressure  i s  ob ta ined  p r i m a r i l y  
Low Thrus t  P ropu ls ion  System 
The a p p l i c a t i o n  of t h e  r e s i s t o j e t  as a Space 
S t a t i o n  p r o p u l s i o n  system imposes new opera t i ona l  
c o n s i d e r a t i o n s  on t h e  des ign  o f  such t h r u s t e r s .  
Use of r e s i s t o j e t s  i n  a wide v a r i e t y  o f  sp ce  
R e s i s t o j e t s  f o r  these a p p l i c a t i o n s  may be  charac- 
t e r i z e d  as hav ing  a requ i rement  f o r  maximum spe- 
c i f i c  impulse, s h o r t  o p e r a t i n q  l i v e s ,  and use w i th  
a s i n g l e  p r o p e l l a n t .  As has been i n d i c a t e d  
a p p l i c a t i o n s  i s  w e l l  known and documented. PO, E F  af 
p r e v i o u s l y ,  t h e  p r i m a r y  c r i t e r i a  f o r  a Space 
S t a t i o n  r e s i s t o j e t  a r e  l o n q  l i f e  and o p e r a t i o n  w i t h  
a w ide  v a r i e t y  o f  p o t e n t i a l   propellant^.^.^ 
f e r e n t  c r i t e r i a  f r o m  h i g h  performance r e s i s t o j e t s ,  
i t  i s  c r i t i c a l  t h a t  t h e  des ign  chosen be based on a 
s o l i d  founda t ion .  F i r s t  and foremost,  i t  was obv i -  
ous t h a t  m a t e r i a l - p r o p e l l a n t  c o m p a t i b i l i t y  had t o  
be  addressed i n  o r d e r  t o  s e l e c t  a r e s i s t o j e t  mate- 
r i a l  t h a t  cou ld  be expected t o  p r o v i d e  t h e  u s e f u l  
l i f e  requ i red .  The w ide  v a r i e t y  o f  p o s s i b l e  p ro-  
p e l l a n t s  f rom ECLSS, MTL, at tached, payloads o r  
o t h e r  sources a l l  had t o  be s tud ied .  A r e s i s t o j e t  
m a t e r i a l  had t o  be s e l e c t e d  t h a t  would have minimum 
i n t e r a c t i o n  w i t h  such p r o p e l l a n t s .  Fo r  ou r  s t u d i e s  
we examined two forms o f  q r a i n  s t a b i l i z e d  p la t i num.  
P la t i num had been a p rev ious  cho ice  f o r  a b iowas te  
r e s i s t o j e t  cons idered i n  t h e  1970 's  because o f  i t s  
e x c e l l e n t  r e s i s t a n c e  t o  c o r r o s i o n  and o x i d a t i o n .  
Res is tance t o  q r a i n  qrowth,  a t i m e  a t  h i q h  tempera- 
t u r e  phenomenon, was r e q u i r e d  t o  m in im ize  t h e  l i k e -  
l i h o o d  o f  s t ress - rup tu re .  The proqram s t u d i e d  b o t h  
y t t r i a  and z i r c o n i a  q r a i n  s t a b i l i z e d  p l a t i n u m  
mate r i  a l s .  
S ince  t h e  Space S t a t i o n  r e s i s t o j e t  has d i f -  
F i g u r e  7 shows t h e  t e s t  chamber used t o  eva lu -  
a t e  t h e  P la t i num a l l o y  hea te rs  i n  c o n t a c t  w i t h  
p o t e n t i a l  p r o p e l l a n t s .  These t e s t s  were conducted 
w i t h  H2, CH4, C02, "3, N2 and steam i n  a f l o w i n g  
gas environment a t  a p ressu re  o f  about 1.4 atm. A l l  
t e s t s  except those c o n t a i n i n q  CH4, e i t h e r  a lone o r  
i n  m ix tu res ,  were conducted a t  a hea te r  tempera ture  
o f  1300 t o  1400 "C.  
t e s t e d  a t  a tempera ture  o f  500 'C t o  avo id  thermal  
decomposi t ion o f  CH4. 
f o r  as l o n q  as 2000 h r  and have been r e p o r t e d  i n  
d e t a i l  i n  Refs.  12 and 13. Tes t  r e s u l t s  a re  
summarized i n  Tab le  8 and i n d i c a t e  t h a t  f rom a 
m a t e r i a l ,  o r  mass l o s s ,  s tandpo in t ,  a 10 000 h r  
o p e r a t i o n a l  l i f e  shou ld  be e a s i l y  ob ta ined  w i t h  a l l  
p r o p e l l a n t - m a t e r i a l  combina t ions  s tud ied .  F i q u r e  8 
shows a mic roqraph c ross -sec t i on  o f  t h e  h e a t e r  t u b e  
b o t h  be fo re ,  and a f t e r  a 2000-hr t e s t  a t  1300 O C  
w i t h  C07. No s i q n i f i c a n t  q r a i n  qrowth has occu r red  
and su r face  a t t a c k  by  CO7 has been min ima l .  
f a c e  a t t a c k  was s i q n i f i c a n t  w i t h  ammonia a t  1400 'C, 
and thouqh no mass l o s s  was observed, a l i f e  o f  
10 000 h r  would p robab ly  n o t  be ob ta ined.  
hea te r  tempera ture  was reduced below 1000 'C su r face  
a t t a c k  v i r t u a l l y  disappeared. 
These t e s t s  have r e c e n t l y  been expanded t o  
i n c l u d e  hyd raz ine  as a p o t e n t i a l  r e s i s t o j e t  p r o p e l -  
l a n t .  Tes ts  o f  up t o  1000 h r  have been conducted 
w i t h  y t t r i a - s t a b i l i z e d  p l a t i n u m  a t  tempera ture  o f  
1000 and 1400 "C.  S i m i l a r  r e s u l t  t o  those ob ta ined  
w i t h  ammonia have been ob ta ined.12  That  i s ,  su r -  
f a c e  a t t a c k  a t  1400 O C ,  b u t  no n o t i c e a b l e o e f f e c t  
when t h e  tempera ture  was lowered t o  1000 C .  
Gases c o n t a i n i n q  CH4 were 
These t e s t s  were conducted 
Sur- 
When t h e  
These t e s t s  served seve ra l  va luab le  purposes. 
The c o m p a t i b i l i t y  o f  t h e  p l a t i n u m  m a t e r i a l  was con- 
f i r m e d  w i t h  many p o t e n t i a l  p r o p e l l a n t s ,  u s e f u l  
l i f e t i m e  da ta  were ob ta ined  and where m a t e r i a l -  
p r o p e l l a n t  a t t a c k  occur red ,  a u s e f u l  o p e r a t i o n a l  
tempera ture  range has been determined. 
s t r u c t u r e  was ob ta ined  b y  conduct inq  a 2000-hr l i f e  
t e s t  u s i n q  C02 as t h e  p r o p e l l a n t .  
t h i s  t e s t  was t o  de termine t h e  impact o f  c y c l i c  
thermal  and mechanical  s t resses  on t h e  p l a t i n u m  
A f u r t h e r  e v a l u a t i o n  o f  t h e  r e s i s t o j e t  as a 
The purpose o f  
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m a t e r i a l  as w e l l  as the  welded j o i n t s .  A t  t h e  con- 
c l u s i o n  o f  t h e  t e s t s  the t h r u s t e r  shown i n  F ig .  9 
was sec t i oned  t o  examine t h e  i n t e r i o r  su r faces  f o r  
a t t a c k .  As expected, there  was no e f f e c t  o f  t h i s  
t e s t  on t h e  s t r u c t u r e  t h a t  cou ld  l ead  t o  a l i f e  
l i m i t i n g  problem. 
t h e  b a s i c  des ign  and opera t i ng  parameters f o r  t h e  
r e s i s t o j e t  f o r  Space S t a t i o n  a p p l i c a t i o n .  
l i s t s  these parameters f o r  a v a r i e t y  o f  p o s s i b l e  
p r o p e l l a n t s .  The fundamentals o f  t b e  des ign  are;  a 
maximum hea te r  temperature o f  1400 C, a power l e v e l  
o f  500 W, and a des ign  opera t i ng  l i f e  o f  10 000 h r .  
A l s o  shown i n  t h e  t a b l e  a re  expected values o f  spe- 
c i f i c  impu lse  and t h r u s t  w i t h  t h e  va r ious  p rope l -  
l a n t s .  The l a b o r a t o r y  model r e s i s t o j e t  shown i n  
F i g .  9 was opera ted  w i th  these p r o p e l l a n t s  and t h e  
performance values ob ta ined a re  shown i n  F iq .  10. 
F i g u r e  11 i s  a photoqraph o f  t h e  r e s i s t o j e t  
cons t ruc ted  f o r  use on the  Space S t a t i o n .  
i s  a c ross -sec t i ona l  sketch o f  t h i s  r e s i s t o j e t  w i t h  
t h e  ma jo r - fea tu res  i d e n t i f i e d .  T h i s  des iqn  i s  a 
r e s u l t  o f  a RocketdynelTechnion e f f o r t ,  on c o n t r a c t  
t o  NASA Lewis. The desiqn choices,  f ea tu res ,  and 
c o n s t r u c t i o n  d e t a i l s  are t o  be found  i n  Ref. 15. 
Four r e s i s t o j e t s  o f  t h i s  t y p e  a r e  t o  be cons t ruc ted  
and used i n  performance c h a r a c t e r i z a t i o n  and l i f e  
t e s t s .  Based on t h e  i n fo rma t ion  ob ta ined  f rom these 
ex tens i ve  t e s t s ,  t h e  r e s i s t o j e t  w i l l  be  redes iqned 
t o  c o r r e c t  any l i f e  and/or performance d e f i c i e n c i e s .  
The redes ign  a l s o  has a goa l  t o  reduce t h e  amount 
o f  p l a t i n u m  r e q u i r e d  and t o  s i m p l i f y  t h e  cons t ruc-  
t i o n  and assembly, where p o s s i b l e .  
These t e s t s  h e l p  t o  e s t a b l i s h  
Tab le  9 
F i g u r e  12 
Concluding Remarks 
The Advanced Development Proqram exp lo red  pro-  
p u l s i o n  o p t i o n s  i n  d e t a i l  and produced r e s u l t s  t h a t  
have i n d i c a t e d  ma jo r  economies f o r  t h e  Space S t a t i o n  
b y  t h e i r  use and t h e i r  a b i l i t y  t o  u t i l i z e  waste 
f l u i d s  as p r o p e l l a n t s .  The Space S t a t i o n  b a s e l i n e  
p r o p u l s i o n  system has been changed t o  t h e  h igh -  
t h r u s t  oxygen-hydrogen and low- th rus t  m u l t i p r o p e l -  
1 an t  r e s i s t o j e t  p ropu ls ion  systems. The advantages 
t o  t h e  s t a t i o n  by  t h e  use o f  t h i s  dual-mode approach 
w i l l  con t i nue  t o  grow i f  t h e  demands f o r  inc reased 
p r o p u l s i o n  c a p a b i l i t y  esca la te  w i t h  t ime.  Proqram 
e f f o r t s  w i l l  con t i nue  as t h e  issues  o f  l i f e  de te r -  
m i n a t i o n  and f a i l u r e  modes a re  very  impor tan t  and 
r e q u i r e  a long-term dedicated e f f o r t .  
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TABLE 1. - TOTAL-IMPULSE REQUIRED FOR 
REBOOST/ALTITUDE MAINTENANCE 
[Nominal atmosphere assumed .] - 
Year 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 
2 003 
2004 
2 005 
T o t a l  
V a r i a b l e  a l t i t u d e  
aver age, 
0.3 micro-g 
A l t i t u d e ,  
nm i 
189 
184 
180 
180 
180 
192 
202 
213 
221 
210 
205 
TABLE 
Opt ions 
Bosch ECLSS 
Bosch ECLSS 
Sabat i er ECLSS 
Sabat i er ECLSS 
9 0  Day v i s i t s  
1996 
18  630 
10  185 
15 425 
6 985 
- 
Impulse, 
l b f / s e c  
3 840 854 
4 500 470 
5 054 046 
4 855 411 
5 356 076 
4 753 118 
5 274 946 
5 967 411 
6 480 000 
7 478 224 
7 621 082 
61  181 635 
Nominal 250 nmi 
a l t i t u d e  
Impulse, 
l b f / s e c  
657 840 
358 910 
313 331 
278 491 
306 930 
523 467 
1 027 970 
1 905 387 
2 646 000 
2 162 223 
1 718 600 
11 899 149 
2. - WATER AVIALABLE FOR PROPULSION l b m l y r  
18  480 18 970 18  815 19  305 19  155 19 645 19 490 
10  030 10 520 10  370 10 860 10  710 11 195 11 045 
15 280 15 130 14  980 14 830 14 675 14 525 14 370 
6 830 6 680 6 530 6 380 6 230 6 075 5 925 5 770 I 64 5 8 0 1  
TABLE 3. - SUMMARY OF FLUIDS AVAILABLE FOR PROPULSION FROM ECLSS l b m l y r  
F l u i d  
(Bosch) 
Hydrogen 
(Saba t ie r )  
c02 
Methane 
T o t a l  C02/CH4 
Year 
1998 1999 
62.1 62.1 
-- 
1403 1403 
2002 
82.8 
1128 
742 
1870 
- 
2003 
82.8 
1128 
742 
1870 
-
TABLE 4. - ESTIMATE OF FLUIDS A V A I L A B L E  FOR PROPULSION FROM MTL lbm/yr 
- 
2004 
93.2 
1269 
83 5 
2104 
-
Argon 
Helium 
1996 
63 
24 
353 
4.5 
.3 
444.8 
1997 
70 
27 
5 
391 
.4 
493.4 
1998 
77 
29 
430 
5.5 
.4 
541.9 
Year 
1999 
84 
32 
6 
468 
.4 
590.4 
2000 
90 
34 
507 
6.5 
.5 
638 
2001 
97 
37 
7 
545 
.5 
686.5 
7.5 8.5 
.5 .6 0.6 
736 783.6 833.1 
584 622 661 
--- 
TABLE 5. - TOTAL OF FLUIDS AVAILABLE FROM ALL SOURCES WITH SABATIER ECLSS lbmlyr 
Hydrogen 
C02 /Methane 
Nitrogen 
Krypton 
Totals 
1t-G- 
Fluid 
35.7 
935 
458 
19.8 
2080.4 
I 
I Rocketdyne 
T h r u s t ,  lbf 25 
Specific impulse, sec 415 
Nozzle area r a t i o  30 
Throat di ameter, in. 0.42 
Type Regen cooled 
Chamber pressure, psia 100 
Exit diameter, in.  2.3 
Argon 403.2 
149.9 
Helium 1 78.8 
Aerojet Bel 1 
25 5 0  
440 410 
100 4 0  
7 5  75 
0.5 0.69 
5.0 4.39 
Regen cooled Film cooled 
1996 
415.5 
167.6 
87.4 
40 
1169 
514.7 
19.8 
2414 
1997 
427.8 
185.1 
96 
44.5 
1169 
570.3 
19.8 
2512.5 
1998 
440.2 
202.6 
104.6 
48.8 
1403 
627 
19.8 
2846 
Year 
1999 
452.2 
220.6 
113.2 
53.1 
682.7 
19.8 
2944.6 
1403 
2000 
463.6 
237.6 
121.9 
57.6 
739.3 
19.8 
3275.8 
1636 
2001 
475.9 
255.6 
130.5 
61.9 
1636 
795 
19.8 
3374.7 
2002 
488.2 
273.6 
139.1 
66.2 
851.7 
19.8 
3708.6 
1870 
2003 
500.4 
290.6 
147.8 
70.7 
907.3 
19.8 
1870 
3806.6 
2004 
512.7 
308.6 
156.3 
75 
2104 
964 
19.8 
4140.4 
M i x t u r e  
r a t i o ,  
6 
8 
A e r o j e t  
T o t a l  T o t a l  
du ra t i on ,  impulse, 
sec l b f l s e c  
60 1 302 
180 5 107 
4 039 89  526 
224 5 576 
221 4 728 
17 560 428 997 
118 3 221 
Bel 1 Rocketdyne 
T o t a l  T o t a l  T o t a l  T o t a l  
du ra t i on ,  impulse, du ra t i on ,  impulse, 
s ec 1 b f  l s e c  s ec l b f l s e c  
----- - - - - - - - _-____ --__----  
275 13 470 32 148 803 700 
1 619 79 637 12 697 317 425 
124 6 123 408 10 200 
83 4 367 478 11 950 
65 3 449 440 11 000 
3 116 225 607 40 237 1 005 925 
22 402 538 457 5 282 332 653 85 968 2 149 200 
O2 
H4 
H3 
H2° 
H e a t e r  C o i l e d  Coi  1 ed 
h e a t e r  i n i t i a l  h e a t e r  
Propel  1 a n t  
t empera tu re ,  mass, mass 
C 9 loss 
S a  
1400 
500 
1400 
1400 
1400 
E x t r a p o l  t e d  
1 i f e ,  
h r  
8 
9.0194 
12.6384 
12.6589 
12.5982 
13.0695 
0.0016 
.ooooc 
.0031 
.0066 
.0245 
0.0030 
.0008 
.0062 
.0055 
.0116 
800 000 
1 000 000 
400 000 
200 000 
45 000 
P l a t i n u m  - Z i r c o n i a  
1400 
500 
HZ 1400 
H3 1400 
H2° 1400 
c02 I 13.1955 
11.6969 
13.2093 
13.0632 
11.5133 
CH4 I 
a A f t e r  1000 h r  o p e r a t i o n .  
bTime t o  10 p e r c e n t  mass l o s s .  
CO.0001 g, accu racy  o f  ba lance.  
300 000 
1 500 000 
200 000 
200 000 
113 000 
TABLE 9. - SPACE STATION MULTIPROPELLANT RESISTOJET PERFORMANCE 
GOALS 
C02lCH4 Propel 1 ant N2H4 
decomp. 
prod. 
co2 
Thrust, mlbf  
Spec i f i c  impulse, s 
Power, w 
Design 1 i f e ,  h r  
To ta l  impulse per 
th rus te r ,  l b f - s  
Yearly resupply  impulse 
f o r  reboost, r e f .  
s s  conf ig .  l b f - s  
Mass throughput a t  
design l i f e ,  lbm 
110 
130 
500 
1 0  000 
4x106 
2x106 
3 0  500 
H20 
(Steam) 
90 
2 00 
500 
1 0  000 
3x106 
2x106 
1 6  200 
85 
160 
500 
3x10 
10  ogo 
2x1 06 
19 100 
90 
2 50 
500 
3x10 
1 0  ogo 
2x106 
13  000 
I 
H2 
3 0  
5 00 
500 
1x10 
1 0  ogo 
2x106 
2 200 
C-86-1827 
FIGURE 1, - AEROJET 25- Ibf ROCKET E N G I N E  ON T H R U S T  STAND.  
FIGURE 2. - BELL AEROSPACE 50- Ibf THRUST HYDROGEN/OXYGEN ROCKET. 
FIGURE 3 .  - ROCKETDYNE 25-lbf THRUST HYDROGEN/OXYGEN ROCKET. 
400 2 c 
300 
/- 
I 
I 
0 AEROJET \w 
1 2 3 4 5 6 7 8 
MIXTURE R A T I O  
F IGURE 4 . -  PERFORMANCE OF H/O THRUSTERS OVER A 
RANGE OF MIXTURE RATIOS. 
"" 
FIGURE 5 .  - SMALL HYDRAZINE THRUSTER FOR L I F E  TESTS. 
J 
FIGURE 6. - HYDRAZINE THRUSTER AND DIFFUSER AT THE ROCKET ENGINE 
TEST FACILITY.  
ORIGINAL PAGE IS 
Of  POOR QUALITY 
FIGURE 7. - TEST APPARATUS USED TO EVALUATE PROPELLANT-MATERIAL 
C O M P A T A B I L I T Y  FOR L O N G - L I F E  R E S I S T O J E T S .  
ORIGINAL PAGE fS 
OF BOOR QUALITY 
BEFORE 
AFTER 
FIGURE 8.  - CROSS SECTION OF P T / Y 2 0 3  TUBE BEFORE AND AFTER T E S T I N G  FOR 
2000 HR AT 1300 " c  I N  cog. 
w 
C-85-3151 
FIGURE 9. - LABORATORY MODEL OF RESISTOJET AND COILED TUBE HEATER. 
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FIGURE 10.- SPECIFIC IMPULSE AND THRUST RANGES 
FOR A MULTIPROPELLANT RESISTOJET OPERATED ON 
VARIOUS PROPELLANTS AT A HEATER TEMPERATURE OF 
1400  OC . 
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FIGURE 11. - ENGINEERING MODEL OF RESISTOJET. 
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FIGURE 12.- CROSS-SECTIONAL SKETCH OF ENGINEERING MODEL OF RESISTOJET. 
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